The problem of pattern formation in resonantly-enhanced near-field lithography by the use of dielectric or plasmonic planar resonators is investigated. Sub-diffraction-limited bright or dark spots can be produced by taking advantage of the rotational invariance of planar resonators. To increase the spatial bandwidth of the resonant enhancement, an array of coupled planar resonators can open up a band of Bloch resonances, analogous to coupled-resonator optical waveguides.
FIG. 1: Left:
Evanescent wave coupled into a resonance mode can be enhanced on the other side of the resonator. Right: For an infinite planar resonator, the resonance modes lie on circles in the transverse spatial frequency domain due to rotational invariance.
Fortunately, complex patterns can still arise from the superposition of sinusoidal waves in an ordinary resonator, thanks to Fourier. Consider a planar resonator, such as a dielectric or plasmonic slab, in the x − y plane, as shown in Fig. 1 . An evanescent wave decaying in z and impinging upon the resonator can be amplified, if its transverse wave vector, k ⊥ ≡ k xx + k yŷ , coincides with that of a resonance mode. Because an infinite planar resonator is rotationally invariant, the resonance condition depends on the magnitude of k ⊥ but not the direction of k ⊥ . Hence, a planar resonator always possesses a continuum of azimuthally degenerate modes. In practice, the finite size of the resonator means that the system is not strictly rotationally invariant, but the approximation is expected to be accurate for modes near the center of a large resonator.
Exciting all the azimuthally degenerate modes produces evanescent Bessel beams [7] , which can be especially useful for lithography. The Bessel modes can be excited, for example, by placing a solid immersion lens [8] near the resonator [2] . For the transverse-electric (TE) resonance modes, the free-space electric field in cylindrical coordinates (ρ, φ, z) is in general given by
where f (θ) is an arbitrary complex function, k ⊥ is the magnitude of k ⊥ of a resonant mode, which must be larger than the free-space wavenumber k 0 ≡ ω/c, and
is the decay constant. Apart from the exponential decay, the evanescent Bessel beam shapes remain invariant along z, so one can put the detector or the photoresist farther away from the resonator and still observe the same, albeit attenuated, profile. Setting f (θ) = 1, for instance, gives a first-order Bessel beam,
which has a subwavelength dark spot in the middle. As the resonator is also translationally invariant in the x − y plane, we can destructively interfere the first-order Bessel beam with one slightly displaced in x and obtain a "dipole" resonance mode,
which has two dark spots separated by a sub-diffractionlimited distance of 3.68/k ⊥ . The two examples of TE Bessel modes are plotted in Fig. 2 . Other resonant patterns are clearly possible by specifying f (θ), or equivalently, superimposing displaced Bessel modes.
FIG. 2: Free-space electric energy (top row) and electric field (bottom row) plots of the TE first-order Bessel mode (left column) and the dipole mode (right column).
For the transverse-magnetic (TM) modes, on the other hand, the free-space electric field is
For f (θ) = 1,
The beam profile depends on k ⊥ . In the diffraction limit, k ⊥ = k 0 , theρ component vanishes, and the beam profile contains a diffraction-limited bright spot. In the superresolution limit, k ⊥ ≫ k 0 , the total electric-field energy is the incoherent superposition of the two polarizations, which has a smoother beam shape but a slightly wider peak than the zeroth-order Bessel function. A TM dipole mode can also be obtained by differentiating Eq. (5) with respect to x. The TM Bessel modes are plotted in Fig. 3 . Despite the presence of Bessel modes, near-field pattern formation with just one value of k ⊥ is still fairly limited. In particular, the side rings of Bessel modes are undesirable for lithography. Here we show that an array of coupled planar resonators can provide a band of resonance modes that help solve this problem. The physics of periodic layered media is well known [9, 10] . For simplicity, we study the problem in terms of light propagation along x in coupled waveguides, the supermodes of which are identical to the resonance modes in the evanescent coupling geometry in the limit of weak coupling and lossless media, since the approximations used are identical in both cases. Consider an array of N identical planar resonators with period Λ along z, as depicted in Fig. 4 . To be specific, we shall consider the TE polarization only. Let the permittivity of one resonator be ǫ ′ (z), and the electric field be
where E 0 (z) is an unperturbed eigenmode electric field of the resonator with ǫ ′ (z), normalized according to
2 = 1, and k ⊥0 is the spatial frequency along x of the unperturbed mode. Invoking the weak coupling approximation, we obtain [11] 
where β ≡ (ω/4)
. The coupledmode equations for the TM polarization are the same, with slightly different definitions of β and γ. The N coupled-mode equations (7) give rise to N supermodes. In the limit of infinite N , the supermodes become Bloch modes,
which exist in a continuous band of spatial frequencies, with a width controlled by the coupling constant γ,
The coupling constant can be manipulated by varying the distance between each pair of resonators or changing the permittivity of the gap material. In the evanescent coupling geometry, the Bloch modes enable evanescent-wave amplification for a band of spatial frequencies around the resonance of one planar resonator. The physics of coupled planar resonators in the spatial domain is analogous to the coupled-resonator optical waveguide (CROW) in the time domain [12] , in which an array of coupled high-Q resonators open up a band of resonant frequencies. Due to rotational invariance, the Bloch theory is valid regardless of the direction of k ⊥ , so the circles of resonances in the spatial frequency domain for one resonator become thick rings for coupled resonators, as depicted in Fig. 4 . Furthermore, although our focus here is monochromatic light, coupled planar resonators are also a CROW in the time domain, and should therefore allow resonant transmission of threedimensional spatiotemporal information.
The magnitude of evanescent-wave amplification by each supermode can be roughly estimated by comparing the energy of the supermode and the power dissipation, using the method described in [2] . Let Γ be the evanescent-wave reflection coefficient of the stack. When an incoming evanescent wave is resonantly coupled to the structure, the stored energy in each supermode is approximately proportional to N Im{Γ} 2 , while the power dissipated at resonance is proportional to Im{Γ}. Using the definition of Q, the maximum magnitude of Γ, after appropriate units are introduced, is hence on the order of Q/N . The magnitude of the evanescent-wave transmission coefficient is approximately the same as Im{Γ} at resonance.
The possibility of anomalous diffraction due to Bloch dispersion or a negative γ may also be useful for imaging. One way of investigating anomalous diffraction is to take the limit of infinitesimally thin layers and apply the effective medium theory [13, 14, 15, 16, 17, 18, 19] , but the effective medium approximation is unable to account for resonant enhancement. A Bloch theory in more complex geometries, such as those studied in Refs. [15, 16, 17, 18, 19] , will be of fundamental interest. Nonlinear propagation in periodic media is another interesting topic [20] , although the problem has not been studied in detailed in terms of the evanescent coupling geometry. The new physics that arises from nonlinear optics may lead to further improvement of resonantly enhanced near-field lithography.
